Introduction
============

Hydrocephalus is the most common pediatric neurosurgical diagnosis, and the majority of patients require implantation of a cerebrospinal fluid diversion device, a shunt. Prevention of shunt infection is pivotal, since this could cause shunt malfunction, scarring and ventricular loculation with potentially devastating consequences for the patient ([@b1-etm-0-0-9122]). Furthermore, shunt infection is considered one of the most costly implant-related infections, with a cost of over 50,000 USD per infection in the United States ([@b7-etm-0-0-9122]).

The majority of shunt infections result from colonisation of the device by non-pathogenic gram-positive cocci, such as *Staphylococcus epidermidis* and *S. aureus*, and are acquired during surgery ([@b1-etm-0-0-9122],[@b8-etm-0-0-9122],[@b9-etm-0-0-9122]). One approach to reducing shunt-related CSF infection is to use antibiotic-impregnated shunt (AIS) shunt catheters instead of a standard shunt (SS). AIS have been available for more than a decade, and contain 0.054% rifampin and 0.15% clindamycin, shown to effectively prevent colonization ([@b10-etm-0-0-9122]).

Several studies have been published to evaluate the effectiveness of AIS in reducing shunt infection in pediatric population compared to SS. The most recent meta-analysis by Klimo *et al* on this subject was published in 2014([@b13-etm-0-0-9122]). However, since then numerous new trials have been published comparing AIS with SS in pediatric patients.

A primary objective in the present study is to update the meta-analysis with systematic search of new studies comparing the use of AISs and SSs for the prevention of shunt infections in the pediatric population.

Materials and methods
=====================

### Study design and search strategy

A search, systematic review and meta-analysis of eligible studies was conducted in the major databases (PubMed, EMBASE, Medline, Cochrane Library, TRIP Database, CINAHL and Google Scholar), using the MeSH or free text terms for all eligible articles published up to 31st October 2019. The search was restricted to studies performed on human pediatric subjects. No restriction on language or publication period was set. The reference lists from all the included studies were also searched for any additional eligible articles.

This systematic literature review was performed following the guidelines of the PRISMA statement (Preferred Reporting Items for Systematic Reviews and Meta-analyses) and Cochrane Handbook for Systematic Reviews of Intervention while using the following MeSH subject headings: ('cerebrospinal fluid shunts' OR ('cerebrospinal fluid' AND (shunt\* OR catheter\*) OR 'shunt system') AND ('antibiotic-impregnated' OR (antibiotic AND impregnated) OR Ventriculo-Peritoneal System AND infection.

### Selection criteria

All studies comparing AISs and SSs in pediatric patients (\<18 years) were included. Duplicates, case reports, case series were excluded.

### Risk of bias in individual studies

Missing data were requested from the original authors through electronic correspondence or mail. We examined the methodological quality of each study included in our meta-analysis by data on random assignment, treatment allocation concealment, group similarity at baseline, eligibility criteria specified, blinding, lost to follow up percentage and use of intention to treat analysis by using quality assessment scale. Two authors independently assessed the quality of included studies. Inconsistency over the quality scores was resolved by discussion among all the authors until subsequent agreement was reached. Missing data were requested from the original authors through electronic correspondence or mail. Publication bias was assessed by using the Begg\'s funnel plot analysis.

### Data collection and analysis

The essential information was extracted carefully and independently from each included study by two authors: the first author\'s name, year of publication, age range of participants, number of participants (Antibiotic Impregnated Shunt/Conventional Shunt group), number of procedures, number of infections and Quality Score. Any disagreement was resolved by discussion.

### Statistical analysis

Pooled risk ratio (RR) with 95% confidence intervals (CIs) and publication bias were calculated using Review Manager Statistical Software \[RevMan, version 5.3; Nordic Cochrane Centre (Cochrane Collaboration), Copenhagen, Denmark; 2014\]. We investigated the presence of heterogeneity of the included studies by using the Cochran\'s Q statistic and I^2^ metric tests. If the I^2^ was \<50% then a fixed-effects model was used, otherwise a random-effects model was used to combine the results.

Results
=======

### Identification of relevant studies

A total of 803 published articles were retrieved from the systematic search during the initial screening ([Fig. 1](#f1-etm-0-0-9122){ref-type="fig"}). Out of this number, 789 studies were excluded because of irrelevancy (n=762), and duplicate records (n=27). One additional study was excluded after title and abstract review due to lack of definite outcome (n=1). Thus, a total of 12 observational studies and one randomized controlled trial (RCT) were included for systematic review and meta-analysis.

### Characteristics of eligible studies

[Table I](#tI-etm-0-0-9122){ref-type="table"} summarizes the characteristics of the selected studies, including number of participants, age group, number of surgical procedures, number of CSF infections, and study conclusions. There were a total of 2,860 pediatric patients in the AIS stunt group, and 5,092 pediatric patients in the SS group, with a number of patients in each study ranging from 11 to 1,963. Two of the studies, by Mallucci *et al* ([@b14-etm-0-0-9122]) and Eymann *et al* ([@b18-etm-0-0-9122]) included, not only pediatric, but also adult patients, and separate data are reported for these two groups ([@b13-etm-0-0-9122],[@b14-etm-0-0-9122]). Twelve of the 13 included studies were single-institution, while one study, by Hayhurst *et al* was a retrospective multicentric cohort study ([@b15-etm-0-0-9122]). Studies were published between January 2005 and October 2019.

### Meta-analysis: shunt-related CSF infections

There was a total of 463 CSF infections reported in the selected observational studies ([@b16-etm-0-0-9122]). Of these, 366 were associated with the use of SS, yielding an infection rate of 7.48%. In the pediatric patients receiving AIS, 97 CSF infections were reported, with an infection rate of 3.65%. Four infection events associated with the use of SS, and three events, associated with the use of AIS were reported in the selected RCT ([@b14-etm-0-0-9122]), yielding an infection rate of 2- and 1.4%, respectively ([Fig. 2](#f2-etm-0-0-9122){ref-type="fig"}). The overall pooled RR of CSF infection using a fixed effects model was 0.42 (95% CI: 0.33 to 0.53; P\<0.00001) with no statistical heterogeneity across the included studies (I^2^=42%) ([Fig. 2](#f2-etm-0-0-9122){ref-type="fig"}).

These results indicated a significant decrease in CSF infection rates in the AIS group. All 13 included studies provide sufficient details of an adequate method of allocation concealment and blinding. Begg\'s funnel plots were used to assess the potential selection and performance publication bias. As shown in [Fig. 3](#f3-etm-0-0-9122){ref-type="fig"}, the shape of the funnel plot suggests the absence of publication bias.

Discussion
==========

In this meta-analysis, we found that the use of AIS in pediatric patients was associated with a decreased risk of CSF infection. A SS, consisting of silastic ventricular and peritoneal catheters, is an effective treatment for hydrocephalus ([@b27-etm-0-0-9122]). However, due to CSF shunt complications, such as shunt failure and infection, SS placement often requires revision surgery, With infection rates approximately 3-fold higher after a first revision and their frequency increasing with each additional procedure ([@b28-etm-0-0-9122]). AISs have been introduced to prevent CSF infections, especially in the early postoperative period ([@b10-etm-0-0-9122]). Of the13 studies included in the analysis, 8 reported statistically significant reduction in CSF infections associated with the use of AIS ([@b18-etm-0-0-9122],[@b24-etm-0-0-9122]).

In one of the earliest studies comparing AIS and SS groups of pediatric patients, Sciubba *et al* ([@b26-etm-0-0-9122]) reported that AIS was associated with significant reduction in CSF infection rates in children with hydrocephalus during the early postoperative period (\<6 months). This was subsequently confirmed by Klimo *et al* ([@b13-etm-0-0-9122]), albeit AIS in the study of Sciubba *et al* ([@b26-etm-0-0-9122]) was independently associated with a 2.4-fold decreased likelihood of shunt infection. James *et al* compared an AIS study group with historical cohort of SS procedures, and identified a significant reduction in CSF infection rates in pediatric patients ([@b24-etm-0-0-9122]). At the same time, they reported an increased rate of CSF infections in revision surgery in the AIS group, thus questioning the efficiency of AIS for long-term use ([@b24-etm-0-0-9122]).

The study of Eymann *et al* ([@b18-etm-0-0-9122]) included both adult and pediatric patients, and showed that the infection rates were 2.18-fold higher with SS than with AIS. Similarly, in a subsequent study by the same group ([@b19-etm-0-0-9122]), which included 56 pediatric patients, risk score for shunt infections was significantly higher in the AIS study group than in the SS control group. In a large multicenter study Kandasamy *et al* reported that AIS significantly reduced CSF infection rates in *de novo* and clean revision shunt implants, despite an apparent overlap of confidence intervals in the results from various sites ([@b25-etm-0-0-9122]). In a retrospective cohort study, van Lindert *et al* used vancomycin antibiotic solution to drench and flush the shunt and fill the shunt reservoir instead of using AIS, and reported a significant decrease in infection rates (an absolute risk reduction of 3.8%, and relative risk reduction of 56%) in antibiotic-treated shunt group of pediatric patients, as well as an increase in time from surgery to infection ([@b22-etm-0-0-9122]).

In their retrospective study, Parker *et al* examined CSF infections in several groups of patients with high-risk factors \[prematurity, post-meningitis, conversion of external ventricular drains (EVD), prolonged hospital stay\]. In all high-risk groups AIS was associated with significantly reduced rates of shunt infections ([@b20-etm-0-0-9122]).

A study by Raffa *et al* reported for the first time the effectiveness of AIS in reducing VP shunt infection in high-risk pediatric patients \<1-year-old. Additionally, AIS had a protective effect against shunt infections in all the specific high-risk subgroups, such as preterm newborns, children with post-hemorrhagic or post-infective hydrocephalus, and children with a previous EVD ([@b21-etm-0-0-9122]).

Five of the 13 studies included in this meta-analysis presented negative statistical findings. While Aryan *et al* did not identify a statistically significant difference in infection rates between the AIS and SS groups, they report protective benefits of AIS compared to SS ([@b16-etm-0-0-9122]). Similarly, in a study by Kan and Kestle, there was no difference in the shunt infection rate between groups, even when adjusted for age, medical history, diagnosis, and previous infections ([@b17-etm-0-0-9122]). In a retrospective cohort study of neonates (\<28 days), Jaeger *et al* reported a statistically significantly delayed median time interval between insertion and revision in the AIS group, while an overall rate of CSF infection was unaffected ([@b23-etm-0-0-9122]).

In the only included RCT by Mallucci *et al*, AIS was associated with a 3-fold decrease in shunt revisions. Although that study included both pediatric and adult patients, it strongly supported the use of AIS in patients undergoing their first shunt insertion ([@b14-etm-0-0-9122]).

The limitations of the current meta-analysis arise among others from heterogeneity of the included studies. While most of the studies included only pediatric patients, others included both children and adults ([@b14-etm-0-0-9122],[@b18-etm-0-0-9122]), and a definition of a shunt infection may vary from study to study. There is also a variety of confounders for shunt infections, such as age and prematurity ([@b29-etm-0-0-9122]), gender ([@b28-etm-0-0-9122]), former shunt and systemic infections ([@b32-etm-0-0-9122],[@b33-etm-0-0-9122]), previous revisions, extended hospital stay, positive CSF cultures prior to implantation, and the preoperative occurrence of CSF leakage or the use of an EVD ([@b10-etm-0-0-9122]). While prospective, blinded, RCT may provide more balanced information, such studies would not be cost-effective, and would require very large patient numbers, multicenter cooperation, and development of standard protocols ([@b34-etm-0-0-9122]).

Our analysis shows that AISs can substantially reduce the risk of shunt infections. AIS, therefore, may be beneficial for all pediatric patients with hydrocephalus who require a shunt.
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###### 

Primary study characteristics of the published studies included in the meta-analysis.

       Number of infections                                                                                                                                                                                                                                                                                                                                                                                                             
  ---- ------------------------------------------------ ----------------------------------------- ------------ ----------- ---------- ----------------------------------------------------- --------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------- -------- ---------- ----
  1    Aryan *et al*, 2005([@b16-etm-0-0-9122])         Retrospective cohort study                USA          2002-2003   32/46      Children (6 months to 17 years)                       78 (32/46)                                                      Lower incidence shunt infection noted with AIS                                                                                                          01/32    07/46      18
  2    Kan *et al*, 2007([@b17-etm-0-0-9122])           Retrospective cohort study                USA          2003-2004   80/80      Children (0 to 8 years)                               160 (80/80)                                                     Infection rate less in AIS group but not statistically significant                                                                                      04/80    07/80      13
  3    Eymann *et al*, 2008([@b18-etm-0-0-9122])        Retrospective cohort study                Germany      1998-2006   26/22      Adults (18-86 years); children (2 days to 12 years)   Total 317 (197/120); adults 269 (171/98); children 48 (26/22)   AIS reduce infection rates and cost                                                                                                                     01/26    03/22      15
  4    Hayhurst *et al*, 2008([@b15-etm-0-0-9122])      Retrospective multicentric cohort study   UK Ireland   2002-2006   214/77     Children 1 to 16 years                                291 (214/77)                                                    AIS can reduce number of shunt infections in certain subgroups, particularly neonates                                                                   21/214   08/77      19
  5    Eymann *et al*, 2009([@b19-etm-0-0-9122])        Retrospective cohort study                Germany      2002-2007   34/22      Children (1 day to 8 years)                           56 (34/22)                                                      AIS appear to reduce the number of primary shunt infections in children                                                                                 01/34    03/22      12
  6    Parker *et al*, 2009([@b20-etm-0-0-9122])        Retrospective cohort study                USA          1997-2007   502/570    Children (1 day to 20 years)                          1,072 (502/570)                                                 AIS reduced infections in the high risk population                                                                                                      16/502   64/570     11
  7    Raffa *et al*, 2015([@b21-etm-0-0-9122])         Retrospective cohort study                Italy        2002-2012   22/26      Children 0.1 to 1 years                               48 (22/26)                                                      AICs are effective in reducing VP shunt infection in highrisk pediatric patients younger than 1 year old                                                1/22     5/26       13
  8    van Lindert *et al*, 2018([@b22-etm-0-0-9122])   Retrospective cohort study                Netherland   2010-2011   499/263    Children \>17 years                                   762 (499/263)                                                   Adding intraoperative vancomycin to a shunt infection prevention protocol significantly reduces CSF shunt infection rate                                15/499   18/263     15
  9    James *et al*, 2014([@b24-etm-0-0-9122])         Retrospective cohort study                UK           1993-2009   500/1592   Children 0.1 to 1 years                               2,092 (500/1,592)                                               Use of AIS tubing significantly improves shunt infection rates in both general pediatric and infant populations                                         4/500    69/1592    16
  10   Jaeger *et al*, 2017([@b23-etm-0-0-9122])        Retrospective cohort study                Australia    2002-2015   24/23      Children \<28 days                                    47 (22/23)                                                      AIS catheters and a 48-h perioperative antibiotic regimen may be beneficial in neonatal hydrocephalus                                                   1/24     2/23       12
  11   Kandasamy *et al*, 2011([@b25-etm-0-0-9122])     Retrospective cohort study                UK           1997-2007   581/1963   Children 1 to 16 years                                2,544 (581/1,963)                                               AIS may significantly reduce infection rates in *de novo* and clean revision shunt implants                                                             30/581   155/1963   16
  12   Sciubba *et al*, 2005([@b26-etm-0-0-9122])       Retrospective cohort study                Maryland     2001-2004   145/208    Children 1 to 16 years                                353 (145/208)                                                   AIS catheter significantly reduced incidence of CSF shunt infection in children with hydrocephalus during the early postoperative period (\<6 months)   2/145    2/208      17
  13   Mallucci *et al*, 2019([@b14-etm-0-0-9122])      Randomized control trial                  UK           2013-2017   538/536    1 to 91 years                                         401 (201/200)                                                   Provides evidence to support the adoption of antibiotic shunts in UK patients                                                                           3/201    4/200      18
